Plain Language Summary {#S0001}
======================

Warfarin is among the most prescribed anticoagulants around the world and has a famous drug-drug and drug--food interaction profile. Many patients nowadays self-medicate with natural remedies that may interact with their chronic medications. Piperine, the active constituent of pepper, has been historically used for a wide array of ailments. Black pepper is also commonly used in many cuisines. Due to the shared metabolism of warfarin and piperine by Cytochrome P450 (CYP) enzymes, and since both are highly bound to plasma proteins, we hypothesized that an interaction may be present between them on the pharmacokinetic and pharmacodynamic levels. Based on a rat study, we find the following: Co-administered piperine causes a significant decrease in the concentrations of the main warfarin metabolite, 7-hydroxywarfarin.Co-administration of piperine causes a decrease, although statistically non-significant, in the total concentration of warfarin.INR values show a significant decrease at 24 hours after warfarin dose when co-administered with piperine.

Introduction {#S0002}
============

Despite its various drug-drug and drug--food interactions, warfarin continues to be the most commonly prescribed anti-coagulant around the world.[@CIT0001] Warfarin has been the subject of extensive study due to its unique interaction profile resulting from its metabolism by many enzymes of the Cytochrome P450 (CYP system), such as CYP2C9 and CYP3A4.[@CIT0002] Warfarin is a racemic mixture of two enantiomers and its metabolism was found to be stereoselective. The more potent enantiomer, S-warfarin, is mainly metabolized by CYP2C9 to 7-hydroxywarfarin, while R-warfarin is metabolized by CYP1A1, 1A2 and 3A4 to yield 6-, 8-, and 10-hydroxywarfarin.[@CIT0003]--[@CIT0006] Overall, 7-hydroxywarfarin is the most predominant metabolite of warfarin in humans.[@CIT0007]--[@CIT0009] It is not surprising, therefore, that the majority of the drugs causing interactions with warfarin at the level of hepatic metabolism inhibit the CYP2C9 pathway (eg, amiodarone, co-trimoxazole, metronidazole, and fluvoxamine), consequently enhancing the effect of warfarin and causing the need to lower its dose for most patients.[@CIT0010] Drugs that inhibit CYP1A1, 1A2, and 3A4 generally have less effect on anticoagulation control. About 99% of warfarin in blood is bound to plasma proteins such as albumin which results in alteration in its bioavailability when displaced by other protein-bound drugs. Determining the suitable dosage regimen for warfarin is therefore challenging considering its narrow therapeutic index and potential drug-drug/diet interactions mediated by CYPs and plasma protein binding.

Warfarin doses must be determined individually to achieve a therapeutic window of 2--3 INR. Once the dose is determined, patients are often advised to avoid drastic changes in diet where foods interacting with warfarin are concerned. Moreover, all concurrently used medications, including over-the-counter (OTC) drugs, supplements, and herbal medicines must be disclosed.[@CIT0011],[@CIT0012] The latter is of particular interest, as the use of herbal medicine has been gaining an increasing popularity over the years as a form of alternative medicine.[@CIT0013],[@CIT0014] It is estimated that at least 1 in 4 patients use natural products in combination with prescribed drugs,[@CIT0015] and more than two-thirds of patients do not reveal their use of these products to healthcare providers.[@CIT0016],[@CIT0017] Often described as "natural", such products may be perceived by patients as safe and void from interactions.[@CIT0018]

Among the commonly used alternative medicines is piperine, the alkaloid active ingredient of black pepper (Piper nigrum). Piperine has been shown to possess a wide array of therapeutic effects that stem from its anti-inflammatory, antioxidant, antiulcer, anticancer, anti-dyslipidemic, and antidepressant properties.[@CIT0019],[@CIT0020] This favorable activity combined with the safety of piperine allows it to be a strong candidate for novel therapeutics or supplementary (eg, black pepper extract) medicines.[@CIT0021]--[@CIT0024] The use of piperine in medicinal supplements in addition to the widespread use of black pepper in different cuisines call for conducting studies on possible piperine interactions with commonly used drugs.

Previous studies reported that piperine is a potent inhibitor of CYP450 enzymes, particularly CYP3A4, CYP2C9, and CYP1A2, thus increasing the bioavailability of several drugs.[@CIT0025]--[@CIT0028] The bioavailability of different antibiotics, eg, amoxicillin has been reported to be enhanced by piperine in animal models.[@CIT0029] Studies have also shown area under the curve (AUC) and maximum concentration (C~max~) of resveratrol, a natural polyphenolic antioxidant, to significantly increase in mice when administered with piperine.[@CIT0030] Similarly, clinical studies showed that a single daily dose of piperine (20 mg/day) for 7 days increased the oral bioavailability of propranolol and theophylline in healthy volunteers.[@CIT0031]

Other drugs, however, have been associated with reduced bioavailability such as isoniazid and magnolol.[@CIT0032],[@CIT0033] Piperine can exert both inhibitory and stimulatory effects on drug metabolism, depending on the dosage regimen.[@CIT0034] Drug uptake via intestinal transporters has also been suggested to be affected by piperine.[@CIT0035] Piperine is a modulator of the efflux transporter P-glycoprotein (P-gp), suggesting its implication in interactions with P-gp substrate drugs.[@CIT0036]--[@CIT0039]

As described, warfarin is among the drugs commonly metabolized by CYP450 (mainly through hydroxylation) which could be affected by piperine. In addition to inhibiting CYP450, piperine has been reported to displace warfarin from plasma proteins in vitro.[@CIT0040] We therefore hypothesize that warfarin coadministration with piperine would affect warfarin metabolism and alter its PK. In this study, we aimed to assess the effect of piperine on the pharmacokinetics (PK) and anticoagulation of warfarin using rat as an animal model. Since piperine was reported to affect CYP3A4 and 2C9 hepatic metabolism, ketoconazole (CYP3A inhibitor) and sulfaphenazole (CYP2C inhibitor) were employed as positive controls to compare the effect piperine to their inhibitory effect.

Materials and Methods {#S0003}
=====================

Chemicals and Equipment {#S0003-S2001}
-----------------------

Racemic warfarin, 7-hydroxywarfarin, ketoconazole, sulfaphenazole, and piperine were purchased from Sigma Aldrich, St. Louis MO, USA. Naproxen was supplied from Hikma pharmaceuticals, Amman, Jordan. All organic solvents (acetonitrile, ethylacetate and methanol) were purchased from Fisher Scientific, Pittsburgh, PA, USA. Acetic acid was obtained from Scharlau, Spain. Phosphate buffer and potassium monobasic and dibasic were obtained from Sigma-Aldrich (St. Louis MO, USA) provided.

Pharmacokinetic and Anticoagulation Studies {#S0003-S2002}
-------------------------------------------

We carried out the PK studies using four Sprague-Dawley (SD) rat groups (n=6 rats per group). All experimental procedures were carried out under the approval of the Animal Care and Use Committee (ACUC) at Jordan University of Science and Technology (Irbid, Jordan) and in compliance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the United States National Institutes of Health. Rats were maintained in a clean room at a temperature of 25°C, with a 12-hour (h) light-dark cycle and 50% relative humidity. Similar studies have used the rat model to assess drug--drug interactions.[@CIT0011]--[@CIT0014] The groups used were: a negative control group receiving only oral warfarin (2 mg/kg), a test group receiving warfarin at 2 mg/kg and piperine at 20 mg/kg orally, a positive control group receiving warfarin at 2 mg/kg plus sulfaphenazole (SPZ) (human CYP2C9 inhibitor) at 120 mg/kg, and another positive control group receiving warfarin at 2 mg/kg plus ketoconazole (KCZ) (human CYP3A4 inhibitor) at 30 mg/kg orally. We administered warfarin orally as a single dose of an aqueous solution of warfarin (containing 4 mg/mL in Dimethylsulfoxide (DMSO)) to each animal at a dose of 2 mg/kg after 30 min of administration of piperine, KCZ, SPZ, or an equal volume of DMSO (no warfarin). The dose of piperine, sulfaphenazole (SPZ), a known 2C9 inhibitor, and ketoconazole (KCZ), a known 3A4 inhibitor, have been selected based on previous pharmacokinetic drug interaction studies.[@CIT0039],[@CIT0041],[@CIT0042] Blood samples were collected from tail vein at 0, 0.5, 1, 2, 3, 4, 6, 8, 24, 30, 48, 54, 72, 96, and 120 h after warfarin treatment. Blood samples were immediately separated by centrifugation at 13,000 rpm for 5 min, and plasma was transferred to sample tubes and kept frozen at −80°C until subsequent analysis. Then, we measured plasma concentrations of warfarin and 7-hydroxywarfarin to estimate pharmacokinetic parameters. Blood clotting time was calculated as international normalized ratio (INR). INR values were measured using the collected fresh blood samples before warfarin administration and immediately at 6, 24, and 72 h after warfarin dose.

HPLC Analysis of Warfarin {#S0003-S2003}
-------------------------

We carried out quantification of warfarin and 7-hydroxywarfarin by a high-performance liquid chromatography with fluorescence detection (HPLC-FLD) method that was previously validated.[@CIT0043] In brief, plasma samples were spiked with internal standard solution and then acidified by acetic acid before extraction with ethylacetate. The upper organic phase was isolated and evaporated and the residue was then reconstituted with mobile phase and injected into the HPLC system. Chromatographic separation was achieved using Fortis^®^ reversed-phase diphenyl column 150 × 4.6 mm, particle size 3μm. The mobile phase consisted of a mixture of phosphate buffer (pH 7), methanol, and acetonitrile (70:20:10, v/v/v), and was delivered at a flow rate of 0.8 mL/min. Naproxen was used as an internal standard. The retention time of warfarin, 7-hydroxywarfarin, and naproxen were found to be approximately 14, 9.5, and 12 min, respectively. To conduct the analysis, Shimadzu HPLC system (Tokyo, Japan), equipped with a fluorescence detector was used and adjusted at excitation and emission of 310 nm and 390 nm, respectively. Data acquisition and integration were performed using the Shimadzu CLASS-VP v. 6.12 software.

Data Analysis {#S0003-S2004}
-------------

Non-compartmental pharmacokinetic analysis was performed using the WinNonlin 5.3. software. The pharmacokinetic parameters estimated included the peak plasma concentration (C~max~), the time to reach peak plasma concentration (T~max~), the terminal-phase half-life (t~1/2~), the total plasma clearance (CL), the apparent volume of distribution (Vd), the total area under the plasma drug concentration-time curve (AUC), and the mean residence time (MRT). We determined C~max~ and T~max~ by a visual inspection of data. AUC~0--∞~ was determined by the trapezoidal rule using data of plasma drug concentration versus time comprising data points from time zero to the last experimental time plus the excess area (from the last experimental time to infinity). We also calculated t~1/2~ as t~1/2~ = 0.693/k, where (k) is the terminal-phase rate constant which we calculated from the slope of the terminal phase of plasma concentration versus time profile using linear regression analysis. CL/F, the ratio of the plasma clearance (CL) to the fraction of the dose absorbed (F), was determined as Dose/AUC~0--∞~. Vd/F was determined as Dose/(AUC~0--∞~ x k). MRT was determined as AUMC~0--∞~/AUC~0--∞~, where AUMC~0--∞~ is the total area under the first moment of the plasma concentration-time curve, from time zero to time infinity.

Statistical Analysis {#S0003-S2005}
--------------------

Data were expressed in the form of "mean ± Standard error of mean (SEM)". We analyzed differences between groups for continuous variables by one-way ANOVA with post hoc Dunnett t-student using SPSS17.0 software. A p-value of less than 0.05 was considered statistically significant.

Ethical Approval {#S0003-S2006}
----------------

We conducted the study and carried out all experimental procedures under the approval of the Institutional Animal Care and Use Committee (IACUC) of the Jordan University of Science and Technology (Approval No. 16/3/3/749) and in compliance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the United States National Institutes of Health.

Results {#S0004}
=======

Effect of Piperine on the Pharmacokinetics of Warfarin {#S0004-S2001}
------------------------------------------------------

To assess the effect of piperine on the pharmacokinetics of warfarin, we administered a single oral dose of piperine to rats followed by a single oral dose of warfarin. The plasma concentrations of warfarin and 7-hydoxywarfarin were then analyzed and the pharmacokinetics parameters were estimated. The mean plasma concentration-time profiles of warfarin and 7-hydroxywarfarin for the four studied groups, ie, warfarin alone, warfarin plus piperine, warfarin plus SPZ, and warfarin plus KCZ are shown in [Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}, respectively. The pharmacokinetic parameters of warfarin and 7-hydroxywarfarin for the four rat groups are shown in [Tables 1](#T0001){ref-type="table"} and [2](#T0002){ref-type="table"}, respectively.Table 1Pharmacokinetics of Warfarin (2 mg/kg, p.o.) After Co-Administration of Piperine (20 mg/kg), Sulfaphenazole (120 mg/kg) and Ketoconazole (30 mg/kg)Pharmacokinetic\
ParametersWarfarin AloneWarfarin + PiperineWarfarin + SulfaphenazoleWarfarin + KetoconazoleC~max~ (ng/mL)16,125 $\documentclass[12pt]{minimal}
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\end{document}$0.5[^2] Figure 1The plasma mean concentration versus time profiles of warfarin determined after administration of a single oral dose of warfarin alone (2 mg/kg), warfarin (2 mg/kg) with piperine (20 mg/kg, p.o.), warfarin (2 mg/kg) with sulfaphenazole (120 mg/kg, p.o.), and warfarin (2 mg/kg) with ketoconazole (30 mg/kg, p.o.) in Sprague-Dawley rats. Data are shown in mean ± SEM, n=6.Figure 2The plasma mean concentration versus time profiles of 7-hydroxywarfarin determined after administration of a single oral dose of warfarin alone (2 mg/kg), warfarin (2 mg/kg) with piperine (20 mg/kg, p.o.), warfarin (2 mg/kg) with sulfaphenazole (120 mg/kg, p.o.), and warfarin (2 mg/kg) with ketoconazole (30 mg/kg, p.o.) in Sprague-Dawley rats. Data are shown in mean ± SEM, n=6.

The mean plasma concentration-time profiles of warfarin in the presence or absence of piperine can be seen in [Figure 1](#F0001){ref-type="fig"}. The mean peak concentration of warfarin in the control group was reached around 3 h, whereas it increased to 5 h with the coadministration of piperine. Total plasma concentrations of warfarin were decreased by piperine. In comparison, warfarin concentration increased with the coadministration of the CYP450 inhibitors KCZ and SPZ in the positive control groups.

[Table 1](#T0001){ref-type="table"} summarizes the pharmacokinetic parameters of warfarin in the presence and absence of piperine. According to our data, the co-administration of piperine (20 mg/kg) resulted in alteration in warfarin's PK parameters, although differences were not statistically significant. C~max~ and AUC~0--∞~ were decreased by \~30% and 20%, respectively, whereas CL/F and Vd/F were increased by \~20% and \~35%, respectively ([Table 1](#T0001){ref-type="table"}). Values of t~1/2~ were almost the same (\~32 h) with and without co-administration of piperine. In comparison, AUC~0--∞~ of warfarin was increased in the presence of SPZ (by \~28%) and KCZ (by \~60%), although it was only statistically significant for the latter. CL/F, Vd/F, and t~1/2~ values were lower for both SPZ and KCZ groups, but the differences were not statistically significant ([Table 1](#T0001){ref-type="table"}).

The mean plasma concentration-time profiles of 7-hydroxywarfarin in the presence and absence of piperine can be seen in [Figure 2](#F0002){ref-type="fig"}. We noticed that piperine resulted in a substantial decrease in the plasma concentrations of 7-hydroxywarfarin. Both SPZ and KCZ also resulted in a decrease in 7-hydroxywarfarin concentrations, but not to the same extent as that caused by piperine. 7-hydroxywarfarin metabolite peak plasma concentration was delayed in the SPZ group compared to the other groups.

7-hydroxywarfarin metabolite data ([Table 2](#T0002){ref-type="table"}) show that piperine significantly affected the pharmacokinetic parameters of warfarin. Piperine significantly decreased C~max~ (\~8-fold decrease) and AUC~0--∞~ (\~6-fold decrease) and significantly increased CL/F (\~5-fold increase) and Vd/F (\~6-fold increase) of the metabolite ([Table 2](#T0002){ref-type="table"}). t~1/2~ of 7-hydroxywarfarin was not changed whereas T~max~ was doubled in the presence of piperine although it was not significantly different. Both SPZ and KCZ significantly decreased AUC~0--∞~ (\~2-fold decrease). Although C~max~ values were decreased in both groups, only SPZ resulted in statistical significance ([Table 2](#T0002){ref-type="table"}). Both CL/F and t~1/2~ decreased whereas Vd/F increased in the presence of SPZ and KCZ, but without any statistical significance.

To evaluate the effect of piperine on warfarin metabolism, we determined and compared the percent of 7-hydroxywarfarin metabolite's AUC~0--∞~ values relative to AUC~0--∞~ values of parent drug (AUC~7-hydroxywarfarin~/AUC~warfarin~) as seen in [Figure 3](#F0003){ref-type="fig"}. Piperine resulted in the lowest 7-hydroxywarfarin formation (21%) and was significantly different (p \< 0.01) compared to the control group. Both SPZ and KCZ also decreased 7-hydroxywarfarin formation significantly (41% and 33%, respectively) (p \< 0.05), but not to the same levels produced by piperine ([Figure 3](#F0003){ref-type="fig"}).Figure 3Relative formation of 7-hydroxywarfarin to warfarin, calculated as AUC~7-hydroxywarfarin~/AUC~warfarin~, after administration of a single oral dose of warfarin alone (2 mg/kg), warfarin (2 mg/kg) with piperine (20 mg/kg, p.o.), warfarin (2 mg/kg) with sulfaphenazole (120 mg/kg, p.o.), and warfarin (2 mg/kg) with ketoconazole (30 mg/kg, p.o.) in Sprague-Dawley rats. Data are shown in mean ± SEM. \*p\<0.05, \*\*p\<0.01.

Effects of Piperine on the Anticoagulation of Warfarin {#S0004-S2002}
------------------------------------------------------

[Figure 4](#F0004){ref-type="fig"} shows the INR values for warfarin alone, warfarin with piperine, warfarin with SPZ, and warfarin with KCZ treatment groups. The INR values that we measured throughout the experiment were in the range of 1.2--8.0. The values peaked at 24 h for the four groups. Mean INR values prior to warfarin administration (0 h) were around 1.0 for all groups. There were no significant differences between the four groups at 6 h, and the mean INR values were around 1.4. The piperine group, however, was significantly lower at 24 h (6.5) compared to the control, SPZ, and KCZ treatment groups which all scored the maximum INR value (8). Moreover, at 72 h, the piperine treatment group showed again the lowest INR value (1.4), although it was not significantly different compared to the control group (2.8). Despite the fact that SPZ and KCZ groups showed a decrease in their INR values at 72 h, they were significantly higher (6.5 and 6.0, respectively), compared to the control treatment group.Figure 4Comparison of INR values for warfarin between different rat groups following a single oral dose of warfarin alone (2 mg/kg), warfarin (2 mg/kg) with piperine (20 mg/kg, p.o.), warfarin (2 mg/kg) with sulfaphenazole (120 mg/kg, p.o.), and warfarin (2 mg/kg) with ketoconazole (30 mg/kg, p.o.). Data are shown in mean ± SEM, n=6. \*p\<0.05.

Discussion {#S0005}
==========

Warfarin is one of the most commonly used anticoagulants due to its efficacy and low cost. However, its infamous drug--drug and drug--food interaction profile, resulting from its significant protein binding and large interindividual variability, presents a challenge in dosing regimen and safety. In addition, piperine has been shown to interact with several drugs at different levels,[@CIT0027],[@CIT0033],[@CIT0039],[@CIT0044],[@CIT0045] but its effect on the pharmacokinetics and pharmacodynamics of warfarin has not been investigated yet.

There are several potential mechanisms where piperine and warfarin may interact, some of which may have opposite influences, and therefore investigating these effects in vivo is essential to determine the net effects of any pharmacokinetic and pharmacodynamic alterations. Piperine is known to inhibit the metabolism of many drugs in rats and humans by inhibition of CYP450 enzymes.[@CIT0026],[@CIT0031],[@CIT0046] Since warfarin is metabolized mainly by CYP450 2C and 3A, mainly through hydroxylation, it is expected that its co-administration with piperine would affect warfarin metabolism. Monitoring 7-hydroxywarfarin levels is particularly important, since it is the most predominant metabolite of racemic warfarin and it is the product of CYP 2C metabolic route of the pharmacologically active S-warfarin enantiomer. Altering plasma protein binding is another potential interaction mechanism since piperine was shown to displace warfarin from plasma proteins in vitro and increase its uptake into endothelial cells.[@CIT0040] Moreover, piperine is known to affect the bioavailability of several drugs through alteration of their absorption resulting in increasing plasma levels of some[@CIT0036],[@CIT0046],[@CIT0047] while decreasing these of others.[@CIT0032],[@CIT0033] The involvement of one or more of the previous interactions should be demonstrated by alteration of pharmacological action of warfarin or changes in levels of the drug and its metabolite. In this study, therefore, we aimed to examine the effect of piperine on the pharmacokinetics of warfarin and 7-hydroxywarfarin and anticoagulation of warfarin in vivo.

Our results show a decrease, although statistically non-significant, in the total concentration of warfarin, when co-administered with piperine. This can be observed by the \~30% and \~20% reduction in AUC~0--∞~ and C~max~ values, respectively, of warfarin in piperine-treated group ([Table 2](#T0002){ref-type="table"}). It should be noted that warfarin levels measured in this study are total concentration (C~total~) of warfarin which represents the sum of the concentrations of free (C~free~) and plasma protein bound (C~bound~) warfarin. Therefore, both or either concentration levels could have been altered as a result of piperine coadministration. The fact that we also observed an increase, although statistically non-significant, in the volume of distribution (\~35%) and clearance (\~20%) of warfarin among the piperine group ([Table 2](#T0002){ref-type="table"}) may indicate that the free drug fraction (fu) which represents C~free~/C~total~ might have increased. Since warfarin is a highly protein bound drug (\>99%), being displaced from albumin may cause such results. In fact, piperine has been shown to displace plasma bound warfarin from albumin and α-acid glycoprotein[@CIT0040] which may cause an increase in its clearance in vivo and thus decrease total plasma concentration of warfarin. It should be noted that an increase in free drug fraction (fu) does not necessarily result in an increase in, and should not be confused with, free drug concentration (C~free~). This is particularly important in the in vivo situation, since unlike the case in vitro, total drug concentration is not fixed and the increased drug-free fraction as a result of drug displacement from proteins may not change free drug concentration, but results in reduction in total concentration as it might be the case in our study. An excellent explanation of this pharmacokinetic relation was provided by Toutain et al.[@CIT0047]

Perhaps the most notable observation in this study is the significant decrease in the concentrations of the main warfarin metabolite, 7-hydroxywarfarin, as a result of the coadministration of piperine. Both C~max~ and AUC~0--∞~ of 7-hydroxywarfarin were significantly decreased, while CL/F and Vd/F were significantly increased. This can be explained by the inhibition of the CYP450 metabolic pathway by piperine, resulting in a decrease in the 2C-mediated formation of 7-hydroxywarfarin.[@CIT0048] We noticed that piperine has even resulted in lower 7-hydroxywarfarin C~max~ compared to SPZ, the positive control used as 2C9 inhibitor. The extent of metabolite inhibition by piperine is clearly illustrated in [Figure 3](#F0003){ref-type="fig"} which demonstrates the relative formation of 7-hydroxywarfarin to warfarin, calculated as AUC~7-hydroxywarfarin~/AUC~warfarin~. Piperine has the lowest metabolite formation with a value of 21% whereas SPZ and KCZ produced 41% and 33%, respectively. SPZ and KCZ are commonly used in interaction studies, in vitro and in vivo, to compare the potential inhibitory effect of test compounds to their selective inhibition of CYP2C and 3A, respectively. In addition to the CYP450 metabolic inhibition, reports suggested that piperine inhibits a family of cell membrane transporters called the organic-anion-transporting polypeptides (OATPs) expressed in the liver and intestines.[@CIT0049] This potential inhibition could cause a reduction in warfarin uptake by hepatic cells when co-administered with piperine, consequently preventing its metabolism into 7-hydroxywarfarin.[@CIT0035] Conversely, inhibition of intestinal OATPs could lead to decreased warfarin absorption into the bloodstream, which may further explain the decrease in the AUC~0--∞~ of warfarin described previously.

Our study also finds an increase, although a non-significant one, in T~max~ of warfarin in the piperine group. This has been suggested by a similar study to result from the delayed gastric emptying and inhibition of intestinal uptake transporters such as p-gp associated with piperine.[@CIT0039] The study assessed the interactions between piperine and the antihistamine, fexofenadine, and found an increase in T~max~ of fexofenadine with piperine co-administration. However, since warfarin is not reported to be a substrate of intestinal p-gp, we suggest that the delay in T~max~ seen in our study is attributed to the increased gastric emptying time alone.[@CIT0050]

From a pharmacodynamic point of view, INR is the main tool for assessing warfarin efficacy and adjusting dosing regimen among patients. A too high INR value may indicate warfarin toxicity, while a too low value is considered subtherapeutic.[@CIT0001] Careful consideration of concomitant drugs, herbs, and diet is usually warranted to ensure warfarin safety and efficacy. In our study, we find a significant decrease in INR values in the piperine-treated group at 24 h compared to the positive and negative controls. This decrease is consistent with the decline in warfarin total concentration seen in the piperine group, which suggests that piperine could change pharmacodynamics profile of warfarin in rats. The significantly decreased INR values, upon piperine co-administration at 24 h, suggest a decrease in the anticoagulant action of warfarin. Peak INR values were achieved at 24 h for all groups, a result consistent with previous reports.[@CIT0004],[@CIT0011]

Piperine is available both as a dietary supplement and from its natural dietary source, black pepper.[@CIT0046] Dietary intake of black pepper varies considerably from one population group to another. The individual in United States consumes an average of 359 mg black pepper each day, equivalent to 18 to 32 mg of piperine depending on the content of piperine in black pepper (5--15%).[@CIT0046] Thus, interactions may occur even at the dietary level, as a piperine plasma concentration of 20 mg/day is sufficient to cause 3A and 2C inhibition.[@CIT0036]

Our study has a few limitations. First, we took measurements for the total concentrations of warfarin rather than measuring both free and total concentrations. Free warfarin fraction may be more clinically relevant and thus offers a more meaningful look into the clinical consequences of piperine co-administration. Furthermore, we administered and measured warfarin as a racemic mixture. The S and R isoforms undergo different metabolic pathways within the P450 system, and thus the effects of piperine on their respective kinetics may differ. However, both metabolizing enzymes for S and R (2C and 3A, respectively) are inhibited by piperine, so results may not vary broadly if separation is achieved. Lastly, this is an animal study, and its results may not accurately reflect the kinetics in humans. Differences in CYP enzyme specificity are present between humans and rats, and the enzymes responsible for warfarin metabolism in each are not 100% homologous. However, the warfarin rats model offers considerable resemblance between the two species.[@CIT0049] Future studies will involve intravenous pharmacokinetic experiments together with oral administration to give more clear interpretations about piperine effect on absorption, in addition to in vitro mechanistic studies involving recombinant CYP450 or liver microsomes.

Conclusions {#S0006}
===========

Piperine is a modulator of multiple intestinal and hepatic metabolism pathways. Our results confirm that piperine may inhibit the CYP2C enzyme system in rats, which is mainly responsible for 7-hydroxylation of warfarin. However, The PK interaction study between warfarin and piperine showed unexpectedly lower plasma levels of warfarin, although it was not statistically significant, as indicated by C~max~ and AUC^0--∞^ when compared to the control group. These effects may be attributed to reduction in warfarin oral bioavailability as a result of inhibition of gastrointestinal motility by piperine, thus preventing any increase in warfarin concentration due to potential inhibition of its metabolism. In addition, piperine may have displaced warfarin from plasma protein thus increasing its clearance. Furthermore, we found piperine to change the anticoagulation of warfarin in rats. The significantly decreased INR values at 24 h, upon piperine co-administration, suggested a decreased anticoagulant action of warfarin and is consistent with the slight decrease in the total warfarin concentration. The overall findings of our study suggest that alteration of anticoagulant effect of warfarin when co-administered with piperine is the net effect of various changes in pharmacodynamic and pharmacokinetic factors. The current study represents an alert of potential risk for food--drug interactions. It is therefore important to investigate the relevance of this study to human by performing further studies in clinical settings to evaluate risk of any potential interaction in patients.
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[^1]: **Notes:** ^a^*p\<*0.05. ^b^*p\<*0.01. Data shown are mean ± SEM (n=6). Numbers in bold font indicate significant difference.

[^2]: **Notes:** ^a^*p\<*0.05. ^b^*p\<*0.01. ^c^*p\<*0.001. Data shown are mean ± SEM (n=6). Numbers in bold font indicate significant difference.
